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BrazilGroup A rotaviruses (RVAs) are leading causes of viral diarrhea in children and in the young of many ani-
mal species, particularly swine. In the current study, porcine RVAs were found in fecal specimens from
symptomatic piglets on 4 farms in Brazil during the years of 2012–2013. Using RT-PCR, Sanger nucleotide
sequencing, and phylogenetic analyses, the whole genomes of 12 Brazilian porcine RVA strains
were analyzed. Speciﬁcally, the full-length open reading frame (ORF) sequences were determined for
the NSP2-, NSP3-, and VP6-coding genes, and partial ORF sequences were determined for the VP1-,
VP2-, VP3-, VP4-, VP7-, NSP1-, NSP4-, and NSP5/6-coding genes. The results indicate that all 12 strains
had an overall porcine-RVA-like backbone with most segments being designated as genotype 1, with
the exception of the VP6- and NSP1-coding genes, which were genotypes I5 and A8, respectively.
These results add to our growing understanding of porcine RVA genetic diversity and will provide a
platform for monitoring the role of animals as genetic reservoirs of emerging human RVAs strains.
 2015 Elsevier B.V. All rights reserved.1. Introduction
Neonatal diarrhea is a multifactorial disease and a major health
problem for most swine herds worldwide. Group A rotavirus (RVA)
infection is one of leading causes of acute viral diarrhea in suckling
and weaned piglets (Chang et al., 2012; Estes and Greenberg,
2013). RVAs also cause gastroenteritis in humans, being responsi-
ble for an estimated 453,000 deaths among children less than
5 years of age (Tate et al., 2012).
While there is an ever-increasing amount of genetic informa-
tion for human RVA strains, much less is known about porcine
RVA strains. Moreover, the limited information that we do have
suggests that porcine RVAs contain gene segments that are geneti-
cally-similar to those of RVAs isolated from humans, horses, and
cows (Ha et al., 2009; Hwang et al., 2012; Ghosh et al., 2012;
Matthijnssens et al., 2008a). This observation indicates that inter-
species transmissions may occur between RVAs originating from
different animal species and highlights the need for surveillance
studies in swine herds.
The non-enveloped RVA virion has a triple-layered capsid
surrounding 11 double-stranded RNA genome segments, whichtogether encode 6 structural (VP1-VP4, VP6, and VP7) and 5 or 6
non-structural (NSP1–NSP5/6) proteins (Attoui et al., 2011). Since
VP4 and VP7 induce neutralizing antibodies and protective
immunity, these proteins play a central role in strain selection
for vaccine production and form the basis of a binary classiﬁcation
system, namely the P (Protease-sensitive) and G (Glycosylated)
genotypes (Estes and Greenberg, 2013). To date, 27 G- and 37
P-genotypes with different combinations have been described for
RVAs found in many host species (Matthijnssens et al., 2011;
Trojnar et al., 2013). Epidemiological surveillance studies show
that porcine RVA strains exhibit G-genotypes of G3-G5, G9, and
G11, and P-genotypes of P[6], P[7], P[13], P[19] and P[23] (Collins
et al., 2010; Matthijnssens et al., 2011; Papp et al., 2013).
However, RVAs can evolve by several mechanisms, including point
mutation, recombination, and reassortment, thereby generating a
large diversity of genotypes and in nature (Ghosh and Kobayashi,
2011). Such diversity may allow for the emergence of new strains
bearing properties derived from both parental lineages, which
might eventually have implications for human infection and
vaccine efﬁcacy (Gentsch et al., 2005).
To provide a better understanding of the overall genetic related-
ness among human and animal RVA strains, a whole genome
classiﬁcation system was developed (Matthijnssens et al., 2008b).
In this system, a genotype is given to each of the 11 genome
segments. Therefore, the acronym Gx-P[x]-Ix-Rx-Cx-Mx-
Ax-Nx-Tx-Ex-Hx describes the genotype constellation of the
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ing genes, respectively. Two main genotype constellations have
been described so far for human RVAs: (i) constellation 1 (proto-
type strain: human Wa) of Gx-P[x]-I1-R1-C1-M1-A1-N1-T1-E1-
H1, and (ii) constellation 2 (prototype strain: human DS-1) of
Gx-P[x]-I2-R2-C2-M2-A2-N2-T2-E2-H2 (Nakagomi et al., 1989;
Matthijnssens et al., 2010a). Culture-adapted porcine RVAs were
found to contain several genotype 1 genes, suggesting that they
may share an evolutionary ancestor with human Wa-like strains.
Despite the importance of swine as reservoirs for RVA genetic
diversity, there is a paucity of phylogenetic studies including all
11 genome segments of strains prevalent in swine farms. In this
study, RT-PCR, Sanger nucleotide sequencing, and phylogenetic
analysis was performed for each gene of 12 porcine RVAs from
Brazil. Our data indicate that all strains tested had an overall por-
cine-RVA-like backbone, although some segments appeared
genetically similar to RVAs isolated from other animal species. To
our knowledge, this is the ﬁrst study to whole-genome analysis
of porcine RVAs from Brazil.2. Materials and methods
2.1. Specimen collection, RNA extraction, and RVA diagnostics
Between the years of 2012–2013, 126 fecal samples from nurs-
ing and suckling piglets suffering from diarrhea were collected
from 4 swine herds in São Paulo and Mato Grosso states in
Brazil. All samples were transported to the laboratory chilled on
ice and stored at 18 C. Fecal samples were prepared as 50% (v/
v) suspensions in DEPC-treated ultrapure water and centrifuged
at 5000g for 10 min at 4 C. Total RNA was extracted from
250 lL of the supernatant using TRIzol Reagent™ (Invitrogen,
Carlsbad, CA, USA). Samples were screened as positive for RVA by
nested RT-PCR as previously described (Ben Salem et al., 2010).
2.2. RT-PCR and Sanger nucleotide sequencing
To amplify the viral genome for nucleotide sequencing, RT-PCR
was performed. First, cDNA was synthesized using Random
Primers (Invitrogen, Carlsbad, CA, USA) and Super Script III
Reverse Transcriptase (Invitrogen, Carlsbad, CA, USA) as per
manufacturer’s protocol. Different PCR runs were performed
using a panel of previously designed and new primer pairs
(Supplementary Table 1) and thermocycling conditions
(Supplementary Table 2), targeting different viral genes and frag-
ments. Subsequently, 2.5 lL cDNA was added into the reaction
mix comprising 1 PCR Buffer™ (Invitrogen, Carlsbad, CA, USA),
0.2 mM of each dNTP, 0.5 lM of each positive and negative primer,
1.5 mM MgCl2, and 3 U Platinum Taq Polymerase™ (Invitrogen,
Carlsbad, CA, USA) and nuclease-free water to obtain a ﬁnal volume
of 25 lL. After completion of thermocycles, PCR products were
separated by electrophoresis on a 1.5% agarose gel, stained with
ethidium bromide, and visualized by UV transillumination. The
amplicons were puriﬁed using ExoSAP-IT PCR Product Cleanup
(USB Products Affymetrix, Cleveland, USA) and nucleotide
sequences of the RT-PCR amplicons for the 11 genome segments
were sequenced in both directions using BigDye Terminator 3.1™
cycle sequencing kit (Applied Biosystems, Foster City, USA),
according to the manufacturer’s protocol and a 3500™ Genetic
Analyzer system (Applied Biosystems, Foster City, USA).
2.3. Contig assembly, nucleotide alignments, and phylogenetic analysis
The nucleotide sequences obtained from the selected strains
were assembled using Bioedit 7.0.5 software (Hall, 1999), andanalyzed using the RotaC 2.0 automated genotyping tool to con-
ﬁrm the RVA identity of all sequences (Maes et al., 2009).
Nucleotide alignments were constructed using a multiple sequence
alignment program, Clustal W v.2.1 (Larkin et al., 2007) and the
sequence identity calculated using Bioedit 7.0.5 software (Hall,
1999). Phylogenetic trees were constructed and molecular analyses
were performed with MEGA 6.06 software by using the maximum
likelihood criterion for partial or complete ORF (Tamura et al.,
2013). The nucleotide substitution models were determined for
each gene separately according to the lowest Bayesian
Information Criterion (BIC), provided by the same software
(Tamura et al., 2013), indicated as follows (gene/model): VP7/
TN93; VP4/GTR, VP6/T92; VP1/TN93; VP2/TN93; VP3/T92; NSP1/
GTR; NSP2/T92; NSP3/T92; NSP4/HKW and NSP5/T92. Statistical
support was obtained by 100 bootstrap replicates.
2.4. Nucleotide sequence accession numbers
Sequences from this study were deposited into the GenBank
database under the following accession numbers: VP7 (KJ482509,
KJ482520–KJ482523, KJ482525, KJ482526, KJ482528, KJ482531);
VP4 (KJ482460, KJ482465–KJ482471, KJ482473, KJ482474,
KJ482476); VP6 (KC855060, KJ482487–KJ482493, KJ482494–
KJ482496, KJ482498); VP1 (KJ482382, KJ482387–KJ482393,
KJ482395–KJ482397, KJ482402); VP2 (KJ482409, KJ482414–
KJ482420, KJ482422, KJ482423, KJ482425, KJ482429); VP3
(KJ482436, KJ482441–KJ482447, KJ482448, KJ482449–KJ482450,
KJ482455); NSP1 (KC855054, KJ482249–KJ482255, KJ482257,
KJ482258, KJ482260, KJ482267); NSP2 (KJ482274, KJ482279–
KJ482285, KJ482287, KJ482288, KJ482289, KJ482291); NSP3
(KC855057, KJ482302–KJ482308, KJ482310, KJ482311, KJ482313,
KJ482320); NSP4 (KJ482328, KJ482332–KJ482338, KJ482340,
KJ482341, KJ482343, KJ482348); NSP5 (KJ482353, KJ482358–
KJ482362, KJ482364–KJ482366, KJ482371).3. Results
3.1. Genotype constellation of porcine RVAs from Brazil
As shown in Table 1, 6 different genotype constellations were
found for the 12 Brazilian porcine RVAs sequenced in this study.
Whereas a wide variety of G- and P-genotypes were detected for
the VP7- and VP4- coding genes (i.e., G3, G5, G9, G11, P[6], P[13],
and P[23]), the following constellation was found for the other nine
genes: I5-R1-C1-M1-A8-N1-T1/T7-E1-H1. Although the T7 geno-
type for the NSP3-coding gene was found in the majority (n = 7/
12) of Brazilian strains, the T1 genotype was also encountered
(n = 5/12).
3.2. Analysis of the VP7- and VP4-coding genes
The partial ORF sequence of the VP7-coding gene were deduced
(nucleotides 117–839) for all 12 Brazilian porcine RVAs and com-
pared with those of RVA strains from swine, humans, and bovine
(Matthijnssens et al., 2011). The VP7-coding gene of the Brazilian
porcine strains clustered in the phylogenetic trees with those of
G3, G5, G9, and G11 strains (Fig. 1A). The ﬁnding of G3, G5, and
G11 genotypes for the Brazilian porcine strains was not surprising,
as these genotypes are common or exclusively found in porcine
RVAs worldwide. In contrast, the ﬁnding of G9 strains was more
surprising, as this genotype is often found in humans RVAs.
Intra-genotypic heterogeneity was highest for the VP7-coding
genes belonging to the G3 and G5 genotypes, but it was less for
the G9 genotype. As an example, the G3 VP7-coding gene of strain
RVA/Pig-wt/BRA/ROTA09/2013/G3P[13] clustered distantly from
Table 1
Genotype constellation and genetic relatedness of RVA porcine and human strains.
Strain VP7 VP4 VP6 VP1 VP2 VP3 NSP1 NSP2 NSP3 NSP4 NSP5 
RVA/Pig-wt/BRA/ROTA01/2013/G5P[13] G5 P[13] I5 R1 C1 M1 A8 N1 T7 E1 H1 
RVA/Pig-wt/BRA/ROTA06/2013/G11P[6] G11 P[6] I5 R1 C1 M1 A8 N1 T7 E1 H1 
RVA/Pig-wt/BRA/ROTA07/2013/G5P[13] G5 P[13] I5 R1 C1 M1 A8 N1 T7 E1 H1 
RVA/Pig-wt/BRA/ROTA08/2013/G3P[6] G3 P[6] I5 R1 C1 M1 A8 N1 T7 E1 H1 
RVA/Pig-wt/BRA/ROTA09/2013/G3P[13] G3 P[13] I5 R1 C1 M1 A8 N1 T7 E1 H1 
RVA/Pig-wt/BRA/ROTA10/2013/G9P[23] G9 P[23] I5 R1 C1 M1 A8 N1 T1 E1 H1 
RVA/Pig-wt/BRA/ROTA11/2013/G9P[23] G9 P[23] I5 R1 C1 M1 A8 N1 T1 E1 H1 
RVA/Pig-wt/BRA/ROTA12/2013/G9P[23] G9 P[23] I5 R1 C1 M1 A8 N1 T1 E1 H1 
RVA/Pig-wt/BRA/ROTA14/2013/G9P[23] G9 P[23] I5 R1 C1 M1 A8 N1 T1 E1 H1 
RVA/Pig-wt/BRA/ROTA15/2013/G9P[23] G9 P[23] I5 R1 C1 M1 A8 N1 T1 E1 H1 
RVA/Pig-wt/BRA/ROTA17/2013/G5P[6] G5 P[6] I5 R1 C1 M1 A8 N1 T7 E1 H1 
RVA/Pig-wt/BRA/ROTA24/2013/G5P[6] G5 P[6] I5 R1 C1 M1 A8 N1 T7 E1 H1 
RVA/Pig-wt/CAN/F8-4/2006/G2P6[7] G2 P[6/7] I5 R1 C1 M1 A8 N1 T7 E1 H1 
RVA/Pig-tc/VEN/A131/1988/G3P[7] G3 P[7] I5 R1 C1 M1 A1 N1 T1 E1 H1 
RVA/Pig-t/THA/CMP48/08/2008/G3P[23]   G3 P[23] I5 R1 C1 M1 A8 N1 T1 E1 H1 
RVA/Pig-tc/USA/Gottfried/1983/G4P[6]   G4 P[6] I1 R1 C1 M1 A8 N1 T1 E1 H1 
RVA/Pig-tc/USA/OSU/1977/G5P[7]  G5 P[7] I5 R1 C1 M1 A1 N1 T1 E1 H1 
RVA/Pig-wt/THA/CMP45/08/2008/G9P[23]   G9 P[23] I5 R1 C1 M1 A8 N1 T7 E1 H1 
RVA/Pig-tc/KOR/PRG921/2006/G9P[23]  G9 P[23] I5 R1 C1 M1 A8 N1 T1 E1 H1 
RVA/Pig-wt/ITA/3BS/2009/G9P[23]  G9 P[23] I5 R1 C1 M1 A8 N1 T1 E1 H1 
RVA/Pig-tc/MEX/YM/1983/G11P[7 G11 P[7] I5 R1 C1 M1 A8 N1 T1 E1 H1 
RVA/Pig-tc/VEN/A253/1988/G11P[7]   G11 P[7] I5 R1 C2 M1 A1 N1 T1 E1 H1 
RVA/Pig-wt/CAN/F6-4/2006/G11P[13]   G11 P[13] Ix Rx Cx M1 A8 N1 T7 Ex Hx 
RVA/Pig-tc/IND/RU172/2002/G12P[7]   G12 P[7] I5 R1 C1 M1 A1 N1 T1 E1 H1 
RVA/Human-wt/BRA/HSP180/1999/G4P[6]  G4 P[6] I1 R1 C1 M1 A8 N1 T7 E1 H1 
RVA/Human-tc/BRA/IAL28/1992/G5P[8]  G5 P[8] I5 R1 C1 M1 A1 N1 T1 E1 H1 
RVA/Human-wt/BRA/HST327/1999/G4P[6] G4 P6 Ix R1 C1 M1 A1 N1 T1 E1 H1 
RVA/Human-wt/BEL/BE2001/2009/G9P[6] G9 P[6] I5 R1 C1 M1 A8 N1 T7 E1 H1 
RVA/Human-tc/THA/Mc345/1989/G9P[19] G9 P[19] I5 R1 C1 M1 A8 N1 T1 E1 H1 
RVA/Human-Wt/IND/RMC321/1990/G9P[19] G9 P[19] I5 R1 C1 M1 A1 N1 T1 E1 H1 
RVA/Human-wt/ARG/Arg4605/2006/G4P[6] G4 P[6] I1 R1 C1 M1 A8 N1 T7 E1 H1 
RVA/Human-wt/JPN/Ryukyu-1120/2011/G5P[6] G5 P[6] I5 R1 C1 M1 A8 N1 T1 E1 H1 
VP – structural protein; NSP – nonstructural protein. Brazilian strains detected in this study are in bold. Wa genotype constellation are indicated in green, DS-1 genotype
constellation are indicated in red, typical porcine genotypes are indicated in blue.
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G3 VP7-coding gene was most closely related to that of the con-
temporary porcine strain RVA/pig-wt/BRA/PGRV4/2012/G3P[13]
(99.0%), which was isolated a year earlier in Brazil (Tonietti et al.,
2013). However, the VP7-coding gene of RVA/Pig/wt/BRA/
ROTA08/2013/G3P[6] was only 84.9% identical to that of RVA/
Pig-wt/BRA/ROTA09/2013/G3P[13] and instead was most closely
related to a porcine strain from Thailand (RVA/Pig-wt/THA/
CMP48/08/2008/G3P[23]) (Okitsu et al., 2013) For genotype G5,
the VP7-coding genes of strains RVA/Pig-wt/BRA/ROTA07/2013/
G5P[6] and RVA/Pig-wt/BRA/ROTA01/2013/G5P[6] clustered most
closely to those of the Belgian porcine strain RVA/Pig-wt/BEL/
12R008/2012/G5P[6] (88.9%) (Theuns et al., 2014). In contrast,
the VP7-coding gene of strain RVA/Pig/wt/BRA/ROTA17/2013/
G5P[6] was most closely related to that of a Brazilian human strain
RVA/Human-tc/BRA/IAL28/1992/G5P[8] (92.1%) (Heiman et al.,
2008). And in turn, the VP7-coding gene of strain RVA/Pig/wt/
BRA/ROTA24/2013/G5P[6] was also highly related to ancientporcine strain RVA/Pig-tc/USA/OSU/1977/G5P9[7] (Matthijnssens
et al., 2010a) (94.7%).
The relatedness between the VP7-coding genes of porcine and
human RVA strains was also demonstrated within the G9 geno-
type. The G9 VP7-coding genes of 5 Brazilian porcine RVAs were
92.7% similar to that of a human strain from India (RVA/Human-
wt/IND/RMC321/1990/G9P[19]) (Varghese et al., 2004), and they
were also highly related to those of several Brazilian human strains
(RVA/Human-wt/BRA/es12588/06/2006/G9P[8], RVA/Human-wt/
BRA/BA201/XXXXG9P[X] and RVA/Human-wt/BRA/R136/1998/
G9P[X]) (91.8–92.7% nucleotide identity), (Tort et al., 2010;
Santos et al., 2002, 2005). The VP7-coding genes of Brazilian G9
porcine strains were also highly related to each other (99.7–100%).
The VP7-coding gene of strain RVA/Pig/wt/BRA/ROTA06/2013/
G11P[6] clustered with both porcine and human G11 genes, but
it was closest to that of porcine strain RVA/Pig-wt/CAN/F6-4/
2006/G11P[13], which was detected in 2006 in Canada (91.8%





































































































Fig. 1. Maximum likelihood phylogenetic trees based on the complete or partial ORF nucleotide sequences of VP7 (A), VP4 (B), VP6 (C), VP1–3 (D-F), and NSP1 to NSP5 (G-K)
genes. The porcine strains analyzed in this study are marked with a triangle. The scale bar indicates nucleotide substitutions per site. Bootstrap values (100 replicates) above
70 are show in the corresponding nodes. Strain RVA/Pigeon-tc/JPN/PO-13/1983/G18P[17] was used as an outgroup for the other genes.
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using the partial ORF sequence that comprises the VP8⁄ region
(nucleotides 133–765). The results showed that VP8⁄-coding
region of the Brazilian porcine RVAs clustered along with P[6],
P[13], and P[23] genotypes, which are commonly or exclusively
associated with porcine RVAs (Fig. 1B). Intra-genotypicheterogeneity was apparent for the P[6]-genotype. Speciﬁcally,
the VP8⁄-coding region of the 4 Brazilian porcine P[6]
strains (RVA/Pig-wt/BRA/ROTA06/2013/G11P[6], RVA/Pig-wt/BRA/
ROTA08/2013/G3P[6], RVA/Pig-wt/BRA/ROTA17/2013/G5P[6] and
RVA/Pig-wt/BRA/ROTA24/2013/G5P[6]) were most closely related

















































244 F.D.F. Silva et al. / Infection, Genetics and Evolution 32 (2015) 239–254(RVA/pig-wt/BRA/PGRV29/2011/GXP[6]) (92.7–96.1% nucleotide
identity) (Tonietti et al., 2013). In contrast, the VP8⁄-coding region
of the Brazilian porcine RVA strains characterized in this study
were only distantly related to those of the Brazilian human P[6]
strains (87.3–90.4%). Instead, they were more closely related to
the VP8⁄-coding region of human strain RVA/Human-wt/ARG/
Arg4605/2006/G4P[6] from Argentina (91.1–93.8%) (Degiuseppe
et al., 2013). The VP8⁄-coding region of two P[13] genotype strains
(RVA/Pig-wt/BRA/ROTA01/2013/G5P[13] and RVA/Pig-wt/BRA/
ROTA07/2013/G5P[13]), from this study revealed the highest
degree of identity nucleotide with those of that of Brazilian porcine
strains RVA/Pig-wt/BRA/PGRV8/2012/G3P[13]; in contrast, the
VP8⁄-coding region of strain RVA/Pig-wt/BRA/ROTA09/2013/
G3P[13] was very closely related to RVA/Pig-wt/BRA/PGRV21/
2011/G9P[13] (98.6%) (Tonietti et al., 2013). The VP8⁄-coding
region of Brazilian porcine P[23] strains were highly related to each
other (99.2–100%) and were most closely related that of RVA/Pig-
tc/VEN/A34/1985/G5P[23] (90.8–91.1%), which is a porcine strain
from Venezuela (Liprandi et al., 2003).
3.3. Analysis of the VP6-, VP1-, VP2- and VP3-coding genes
For the VP6-coding gene, phylogenetic analysis was based on
the complete ORF sequence (nucleotides 25–1218). All 12 strains
analyzed in this study had VP6-coding genes that clustered
together within the I5 genotype (Fig. 1C), which is a common geno-
type presented by porcine RVA strains. The VP6-coding gene of the12 Brazilian porcine RVAs sequenced here were highly related to
each other (93.0–100%). Furthermore, the VP6-coding genes from
Brazilian porcine RVAs were most related that of the human strain
RVA/Human-tc/THA/Mc323/1989/G9P[19] which was found to
have a porcine RVA genetic backbone and is likely of porcine origin
(93.0–94.1%) (Ghosh et al., 2012b).
Phylogenetic analysis of the genes encoding VP1, VP2 and VP3
showed that those of all 12 Brazilian porcine RVA strains could
be assigned to genotype 1 (R1, C1, and M1, respectively).
Multiple lineages existed within the genotype 1 of the correspond-
ing genes, but the genes of porcine and human RVAs could mainly
be assigned to typical porcine or human sub-clusters. The phyloge-
netic analysis of the partial ORF sequence of the VP1-coding gene
segment (nucleotides 49–1569) showed the presence of two main
sub-clusters within the R1 genotype (Fig. 1D). The VP1-coding




G5P[6] clustered together in one branch and were most closely
related to that of archival strain RVA/Pig-tc/USA/OSU/1975/
G5P9[7] (92.7–94.0%) (Matthijnssens et al., 2010a). Overall, a high
level of genetic diversity was present among the VP1-coding genes
of porcine strains within this R1 genotype, and those of strains
RVA/Pig-wt/BRA/ROTA17/2013/G5P[6], RVA/Pig-wt/BRA/ROTA08/
2013/G3P[6] and RVA/Pig-wt/BRA/ROTA09/2013/G3P[13] were
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Conversely, the VP1-coding genes of the remaining 3 Brazilian por-
cine strains RVA/Pig-wt/BRA/ROTA06/2013/G11P[6], RVA/Pig-wt/
BRA/ROTA01/2013/G5P[13] and RVA/Pig-wt/BRA/ROTA07/2013/
G5P[13] clustered in a separate branch, along with R1 genes
typically reported in humans RVAs. This branch was close to
that containing the VP1-coding gene of Italian porcine strain
RVA/Pig-wt/ITA/3BS/2009/G9P[23] (92.1–92.5%) which presented
evident intra-genotypic variation throughout its genome (Monini
et al., 2014).
Phylogenetic analysis was performed on the partial ORF
sequences of the VP2-coding gene (nucleotides 50–1393) and the
VP3-coding gene (nucleotides 38–1072), revealing that those of
the Brazilian strains clustered in the C1 genotype (Fig. 1E) and
M1 genotype (Fig. 1F). The VP2-coding genes of the Brazilian
strains clustered in two separated branches mostly containing
the genes of porcine RVAs and a few human strains. The VP2-cod-
ing gene of the Brazilian porcine RVAs were most closely related to
that of archival strain RVA/Pig-tc/USA/OSU/1977/G5P[7] (91.9–
94.8%) (Matthijnssens et al., 2010a). Similarly, phylogenetic analy-
sis revealed that the VP3-coding gene from 10 Brazilian porcine
strains clustered together and were closely related to human strain
RVA/Human-wt/ARG/Arg4605/2006/G4P[6] (94.3–94.9%), whereas
the VP3-coding gene of the remaining 2 strains (RVA/Pig-wt/BRA/
ROTA24/2013/G5P[6] and RVA/Pig/wt/BRA/ROTA08/2013/G3P[6])were more related with other porcine strain detected in North
America (Degiuseppe et al., 2013; Matthijnssens et al., 2010a).
3.4. Analysis of the NSP1-, NSP2-, and NSP3-coding genes
Phylogenetic analysis of the partial ORF of the NSP1-coding
gene (nucleotides 22–1056) demonstrated an A8 genotype for all
12 Brazilian porcine strains (Fig. 1G). However, different sub-clus-
ters were demonstrated in this genotype. Speciﬁcally, the NSP1-
coding gene of Brazilian strains RVA/Pig-wt/BRA/ROTA24/2013/
G5P[6], RVA/Pig-wt/BRA/ROTA09/2013/G3P[13] and RVA/Pig-wt/
BRA/ROTA17/2013/G5P[6] formed a sub-cluster with that of the
Brazilian human strain RVA/Human-wt/BRA/HSP180/1999/G4P[6]
(93.0–94.1%), which was suggested to be a recombinant virus
(Maestri et al., 2012). Furthermore, the NSP1-coding gene of the
remaining Brazilian porcine strains from this study clustered
together in the other A8 branch, where NSP1-coding genes from
porcine and human RVAs were present. The NSP1-coding genes
of these strains were closely related to those of human strains
RVA/Human-wt/ARG/Arg4605/2006/G4P[6] and RVA/Human-wt/
ARG/Arg4671/2006/G4P[6] (86.8–93.5%) (Degiuseppe et al., 2013).
Phylogenetic analyses of the complete ORF (nucleotides 54–947)
of theNSP2-coding gene demonstrated an overall low genetic diver-




























































ROTA15/2013/G9P[23] were most closely related to each other
(95.7–100%), whilst being more distantly related to those of the
remaining 4 Brazilian strains RVA/Pig-wt/BRA/ROTA08/2013/
G3P[6], RVA/Pig-wt/BRA/ROTA01/2013/G5P[13], RVA/Pig-wt/BRA/
ROTA07/2013/G5P[13] and RVA/Pig-wt/BRA/ROTA24/2013/G5P[6]
(86.0–88.1%). In one sub-cluster, the NSP2-coding gene of porcine
strains RVA/Pig-wt/BRA/ROTA08/2013/G3P[6], RVA/Pig-wt/BRA/
ROTA01/2013/G5P[13], RVA/Pig-wt/BRA/ROTA07/2013/G5P[13]
and RVA/Pig-wt/BRA/ROTA24/2013/G5P[6] clustered most closely
to strain RVA/Pig-wt/BRA/SWRV7/2012/GXP[X] (94.7–99.4%),
recently described in Brazil (Barbosa et al., 2013). Another sub-clus-
ter was formed by the NSP2-coding gene s of the remaining 8
Brazilian porcine strains, which were highly related to the
Brazilian porcine strain RVA/Pig-wt/BRA/SWRV5/2012/GXP[X]
(94.7–100%).
Concerning the genes encoding the NSP3 proteins of Brazilian
porcine RVA strains, the genetic analyses of the complete ORF
(nucleotides 37–942) showed that the majority of strains (n = 7/
12) exhibited genotype T7 genes, whereas the other 5 strains had
genotype T1 NSP3-coding genes.
Within genotype T1, a sub-cluster was formed by the NSP3-cod-
ing genes of Brazilian strains RVA/Pig-wt/BRA/ROTA10/2013/G9P[23], RVA/Pig-wt/BRA/ROTA11/2013/G9P[23], RVA/Pig-wt/
BRA/ROTA12/2013/G9P[23], RVA/Pig-wt/BRA/ROTA14/2013/G9P[23]
andRVA/Pig-wt/BRA/ROTA15/2013/G9P[23] (100%). TheNSP3-cod-
ing gene of these strains were most closely related to the
historic porcine strain RVA/Pig-tc/USA/OSU/1977/G5P[7] (93.8%)
(Matthijnssens et al., 2010a). Strains showing the T7 genotype
NSP3-coding genes were slightly less related to each other, showing
a nucleotide identity ranging from 90.8–99.7%. Interestingly, the
NSP3-coding gene of strain RVA/Pig-wt/BRA/ROTA17/2013/G5P[6]
clustered together with that of the human strain RVA/Human-wt/




2013/G3P[13] and RVA/Pig-wt/BRA/ROTA24/2013/G5P[6] were
more closely related to the Brazilian human strain RVA/Human-
wt/BRA/HSP180/1999/G4P[6] (93.0–94.1%) (Maestri et al., 2012).
3.5. Analysis of the NSP4- and NSP5/6-coding genes
Phylogenetic analyses of the partial ORF sequence of the NSP4-
coding gene (nucleotides 18–569) of the 12 Brazilian strains tested
in this study demonstrated an overall low genetic diversity
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ROTA15/2013/G9P[23] were highly related each other (100%) and
formed a cluster with human strains from South America (Stupka
et al., 2012; Heiman et al., 2008). These genes were closely related
to that of Belgian human strain RVA/Human-wt/BEL/B3458/2003/
G9P[8] (88.8%) (Matthijnssens et al., 2008a). Another sub-cluster




2013/G3P[13], RVA/Pig-wt/BRA/ROTA17/2013/G5P[6] and RVA/
Pig-wt/BRA/ROTA24/2013/G5P[6], which clustered closely
together with other porcine RVA strains described in Brazil
(93.8–96%) (Unpublished results).
Similarly, phylogenetic analysis of the partial ORF sequence of
the NSP5/6-coding gene segment (nucleotides 52–552) demon-
strated an overall low genetic diversity within genotype H1
(Fig. 1K). The NSP5/6-coding genes of Brazilian porcine strains
characterized in this study were highly related to each other
(95.2–100%) and clustered together with those of porcine and
human RVA strains. Most of these strains were closely related to
the Brazilian pig strains RVA/Pig-wt/BRA/SWRV1/2012/GXP[X],
RVA/Pig-wt/BRA/SWRV2/2012/GXP[X], RVA/Pig-wt/BRA/SWRV4/
2012/GXP[X], RVA/Pig-wt/BRA/SWRV6/2012/GXP[X] (98.9–100%)
(Barbosa et al., 2013).4. Discussion
Whole genome sequence analysis of RVA strains is important
because it allows for a better understanding of strain diversity
and provides new insights into the mechanisms driving viral evo-
lution (Ghosh and Kobayashi, 2011; Matthijnssens et al., 2008a).
RVAs are reported to be one of the most frequently identiﬁed
viruses in porcine neonatal diarrhea worldwide (Papp et al.,
2013), and they have been detected in several pork-producing
areas in Brazil. Since swine are considered a large reservoir for
RVAs, the characterization of circulating strains in the pig pop-
ulation is of pivotal importance, notably for public health issues.
Brazil is an important swine-producing country, with over 13 mil-
lion hogs slaughtered in 2014 (http://www.abipecs.org.br).
However, very little is known about whole analyses of porcine
RVA and genetic diversity and zoonotic potential in this country.
Porcine RVAs analyzed to date have mainly exhibited G/P-geno-
types of G5P[6], G5P[7], G6P[6], G10P[1], G9P[23], G9P[13]/P[22],
and G3P[13]/P[22] (Barreiros et al., 2003; Gregori et al., 2009;
Rácz et al., 2000; Tonietti et al., 2013), as well as have sporadically
showed G4P[6] and G5P[23] genotypes (Lorenzetti et al., 2011,
2014; Tonietti et al., 2013). In this study, we performed whole-gen-
ome sequence analysis of porcine RVAs from 4 farms in Brazil. We
found that these RVAs exhibit G3, G5, G9, and G11 genotypes,































































248 F.D.F. Silva et al. / Infection, Genetics and Evolution 32 (2015) 239–254gene constellation of I5-R1-C1-M1-A8-N1-T1/T7-E1-H1. Most of
the strains sequenced in this study were found to be G9P[23], a
G/P-genotype combination that has been reportedly rising in por-
cine populations (Okitsu et al., 2013; Theuns et al., 2015; Tonietti
et al., 2013).
For the VP7-coding gene, we found that G-genotypes shared
between human and porcine RVAs strains (i.e., G3 and G5) had a
high degree of genetic diversity. Speciﬁcally, the VP7-coding genes
of the Brazilian porcine G3 and G5 strains weremost closely related
to those of other Brazilian porcine strains and clustered distantly
from those of human strains. An exception was for strain RVA/
Pig/wt/BRA/ROTA17/2013/G5P[6], which had a VP7-coding gene
that was more closely related to that of the culture-adapted
Brazilian human strain RVA/Human-tc/BRA/IAL28/1992/G5P[8]. A
previous report suggested that the G5 strains circulating in humans
in Brazil may actually be the result of two independent zoonotic
transmission events, most likely from pigs (da Silva et al., 2011).
In addition, according to da Silva et al. (2010), the high frequency
of detection of G5 strains in humans in Brazil may be been linked
to porcine–human strain reassortment due to mixed infections.
Similar ﬁndings were also described recently by Theuns et al. who
demonstrated a phylogenetic distinction between the genes ofporcine and human strains in different subclusters of the tree
(Theuns et al., 2015). In this study, the highest relatedness between
the VP7-coding gene of porcine and human RVAs was demon-
strated for the G9 genotype. Interestingly, the 5 porcine G9 strains
from this study had VP7-coding genes that were themost similar to
that of the human strain RVA/Human-wt/IND/RMC321/1990/
G9P[19], which was found to possess porcine RVA characteristics
in 7 out of 8 genes sequenced (Varghese et al., 2006).
Reinforcing these results, Theuns et al. (2015) described that
the VP7-coding genes of contemporary porcine and human G9
strains seem to be much more related to each other than are those
of other VP7 genotypes. The close relationship of the VP7-coding
genes of porcine and human G9 strains was also demonstrated
by the limited number of mutations presented between antigenic
regions of the encoded proteins. RVAs with G9 speciﬁcity are com-
mon in humans (Matthijnssens et al., 2010b), and pigs are consid-
ered a potential host reservoir for G9 genotypes (Matthijnssens
et al., 2010a; Papp et al., 2013; Smith et al., 2011). Although exist-
ing data suggest that interspecies transmissions of RVAs between
porcine and human hosts may have occurred, the origin of the
G9 genotypes is still unclear and an increased surveillance in ani-
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strated a higher level of genetic diversity than what was found
for strains isolated from humans (Matthijnssens et al., 2010a,b).
Moreover, G9 porcine strains have been shown to exhibit diverse
P-genotypes P[6], P[7], P[13], and P[23]) (Kim et al., 2010, 2012;
Martel-Paradis et al., 2013; Theuns et al., 2015; Tonietti et al.,
2013).
Another interesting ﬁnding from this study was the detection of
a G11 genotype for strain RVA/Pig/wt/BRA/ROTA06/2013/G11P[6],
whose VP7-coding gene clustered with those of both porcine and
human RVAs. G11 strains have been detected sporadically in vari-
ous geographical settings and are believed to have a porcine origin(Matthijnssens et al., 2010a). For instance, reassortment events
between porcine and human G11 RVA strains have been identiﬁed
recently (Shetty et al., 2014; Than et al., 2013). In Brazil, genotype
G11 has also been identiﬁed in RVAs isolated from cows (Silva
et al., 2012), suggesting the occurrence of reassortment events
and potential cross-infection of the virus due to proximity between
farm-raised cattle and pigs.
Phylogenetic analyses of the VP4-coding genes of the Brazilian
porcine viruses sequenced in this study demonstrated that 4 P[6]
strains were most closely related to another porcine Brazilian
strain RVA/pig-wt/BRA/PGRV29/2011/GXP[6], described in 2013,































































250 F.D.F. Silva et al. / Infection, Genetics and Evolution 32 (2015) 239–254RVA/Human-wt/ARG/Arg4605/2006/G4P[6]. This Argentinean
strain presented a Wa-like genome constellation and was found
to be genetically more similar to porcine strains than to human
strains (Degiuseppe et al., 2013). As show in the phylogenetic tree
for the VP4-coding gene, the Brazilian porcine P[6] strains of the
present study clustered together with those of other Brazilian
strains, which are suspected to be the result of interspecies trans-
mission events between pigs and humans. Reinforcing these
results, the analyses of porcine rotaviruses from distinct geo-
graphical areas in Southern Europe, Spain and Italy have identiﬁed
P[6] strains that have VP4-coding genes resembling those of
human P[6] viruses (Martella et al., 2006).
Regarding the other P-genotypes detected in this study, the
P[23] genotype was the most common (n = 5/12) (Table 1). The
VP4-coding gene of the Brazilian porcine P[23] strains were highly
related to each other. Recently, the P[23] genotype was also
detected in Brazil (Tonietti et al., 2013), whereas in Europe and
other continents it was described only sporadically (Papp et al.,
2013). The VP4-coding genes of the Brazilian P[13] genotypes from
this study showed a higher level of diversity among themselves,and they revealed the highest degree of nucleotide identity with
those of other Brazilian strains, isolated in 2012 (Tonietti et al.,
2013).
Altogether, this study included the following strain G/P-geno-
types: 5 G9P[23], 2 G5P[13], 2 G5P[6], 1 G11P[6], 1 G3P[6], and 1
G3P[13]. To our knowledge this is the ﬁrst report of G11P[6] and
G3P[6] combinations in Brazil for porcine RVAs. Noteworthy,
among the human G11 strains analyzed to date by whole-genome
sequencing, most of the genes of the G11P[6] strain were closely
related to those of porcine, human-porcine or bovine-porcine
reassortant strains (Bányai et al., 2009). Recently, a G3P[6] geno-
type strain was detected in humans at Amazonas and Acre states
only (da Silva Soares et al., 2014). In Latin America, G3P[6] strains
were detected at a frequency of 0.2% in humans with RVA infec-
tions (Linhares et al., 2011), allowing them to be considered a
genotype found rarely in humans and never before described in
Brazilian pigs.
The most widespread human RVA strains exhibit a Wa-like
genotype constellation and share the majority, if not all, of the




























































F.D.F. Silva et al. / Infection, Genetics and Evolution 32 (2015) 239–254 251NSP2-, NSP3-, NSP4-, and NSP5/6-coding genes (i.e., R1, C1, M1, N1,
T1, E1, and H1, respectively) (Matthijnssens et al., 2008a). In terms
of VP7-, VP4-, and VP6-coding genes, the human Wa-like strains
are mostly found to possess the G1, G3, G4, or G9, P[8], and I1
genotypes (Matthijnssens et al., 2010b). Our phylogenetic analysis
revealed that the genetic backbone of Brazilian porcine RVA strains
was relatively conserved, despite the high genetic diversity seen in
the VP7- and VP4-coding genes. A genetic backbone with of I5-R1-
C1-M1-A8-N1-T1/T7-E1-H1 constellation was detected in Brazilian
pig RVAs, which is similar to genetic constellations detected in por-
cine RVAs and porcine-like human strains from other different geo-
graphical locations (Table 1). Noteworthy, none of these strains
had gene segments similar to those of other human RVA genotype
constellations (DS-1-like). According to Theuns et al. (2015), this
conserved backbone might be essential for efﬁcient viral replica-
tion of pig RVAs in pig enterocytes.In this study, 7 of the 12 strains presented the genotype T7 for
their NSP3-coding gene. In the past, the evolutionary origins of T7
genotypes were difﬁcult to infer due to the limited number of
sequences, and the fact that they have been found in complex
genotype constellations. Nowadays, T7 genotypes of NSP3 has been
more and more encountered in porcine RVAs (Monini et al., 2014;
Papp et al., 2013; Theuns et al., 2015), but rather frequently in unu-
sual porcine derived human G4P[6] (Maestri et al., 2012) and
G9P[6] (Zeller et al., 2012) strains all over the world. This conﬁrms
the view that this genotype is likely of porcine RVA origin rather
than being typical of human RVAs, as also proposed by previous
authors (Martel-Paradis et al., 2013; Monini et al., 2014; Okitsu
et al., 2013; Theuns et al., 2015). Our results show porcine RVA
strains bearing the T7 genotype for their NSP3-coding gene for
the ﬁrst time in Brazil, in different farms in São Paulo and Mato


































































252 F.D.F. Silva et al. / Infection, Genetics and Evolution 32 (2015) 239–254genotype may be more wide-spread in farmed swine than pre-
viously thought.
Although the VP6-coding gene for the Brazilian porcine RVAs
analyzed in this study were all genotype I5, our results showed a
high level of intra-genotypic diversity. Speciﬁcally, the VP6-coding
gene of the porcine viruses were divided into 2 sub-clades within
the same I5 genotype and appeared genetically related to the
VP6-coding gene of the human strain RVA/Human-tc/THA/
Mc323/1989/G9P[19], which was found to have a porcine RVA
genetic backbone (Ghosh et al., 2012b). VP6 is one the most
immunogenic proteins in RVA (Aiyebo et al., 2013), and it is well
established that accumulation of point mutations in the VP6 gene
may lead to a change of amino acid residues in the VP6 protein,
resulting in antigenic variability (Thongprachum et al., 2009).The most conserved genes in RVAs are those encoding NSP2,
NSP4 and NSP5. In fact, phylogenetic analyses of the genes encod-
ing these proteins for in Brazilian porcine RVAs demonstrated a
low level of genetic diversity within genotypes N1, E1 and H1,
respectively. These genes were also highly related to those of other
Brazilian porcine strains described recently (Barbosa et al., 2013).
On the contrary, the genes encoding VP7, VP4, VP3 and NSP1 genes
formed clusters for most of Brazilian porcine strains, showing that
they were more related the genes of porcine-RVA-like human and
human RVA strains from South America (Degiuseppe et al., 2013;
Maestri et al., 2012;) These ﬁndings are important since the
evolutionary relationship between porcine RVAs and human Wa-
like RVAs could be conﬁrmed (Theuns et al., 2015). The high level
of diversity seen for the VP7- and VP4-coding genes suggests that it
F.D.F. Silva et al. / Infection, Genetics and Evolution 32 (2015) 239–254 253might be a challenge to develop preventive measures against RVA
infections in pigs. In Brazil, there are reports of the occurrence of
RVA-induced diarrhea in animals that are regularly vaccinated
(Barreiros et al., 2004; Lorenzetti et al., 2011). It is possible that
vaccine-escape strains could be generated by immune pressures
of mass vaccination, leading to the emergence of new genotypes
(Matthijnssens et al., 2009).
In summary, we conclude that despite their clear Wa-like geno-
type 1 identity, genome analysis of the 12 strains examined in this
study suggested intra-genotypic variation throughout the porcine
RVA genome currently circulating in the pig population in São
Paulo and Mato Grosso States in Brazil. Molecular epidemiological
surveillance as well as complete characterization of unusual strains
is needed to further understand RVA evolutionary dynamics and its
impact on current and future vaccination programmes.
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